Main outcome measures: Cardiovascular risk, including incidence of hypertension and metabolic disease, in those born to hypertensive compared to normotensive pregnancies.
INTRODUCTION
Adults born to a hypertensive pregnancy have a twofold increased risk of stroke. 1 Hypertensive pregnancy disorders have been associated with altered blood pressure, body size and metabolic factors in the offspring during neonatal life, childhood and adolescence. [2] [3] [4] [5] [6] [7] [8] However, effect sizes vary and are relatively small compared to apparent adult stroke risk. Several prospective birth cohorts established in the 1990s are now entering adolescence and adulthood. 9 10 Recent reports indicate those born following hypertensive pregnancy continue to have a higher average blood pressure in adult life, independent of other birth-related factors. 11 However, the risk that a young adult born following a hypertensive pregnancy has blood pressures that exceed thresholds for diagnosis of hypertension (HTN), and therefore may present for medical advice, has not been studied. Furthermore, the relative contribution of metabolic factors to the adult risk profile remains unclear, 2 as does, whether other birth-related factors, in particular, the severity of the hypertensive episode can be used to better stratify the risk for an individual. 12 We hypothesised that offspring of hypertensive pregnancies would demonstrate increased clinical levels of HTN by young adult life, which would be proportional to Strengths and limitations of this study ▪ There have been no previously published prospective cohort studies addressing severity of pregnancy hypertension and clinical risk of hypertension in the offspring. ▪ This study provides comprehensive data collection on a large cohort of individuals over a 20-year period. ▪ Weaknesses include the observational nature of the study and loss to follow-up.
the severity of the pregnancy complication. We therefore studied whether pregnancy HTN is associated with clinically apparent cardiovascular risk in the offspring when they reach early adulthood, using the 20-year prospective follow-up data from the Western Australian Pregnancy Cohort (Raine) Study and determined if they had developed a specific hypertensive risk profile that might allow targeted screening and prevention. We determined associations between hypertensive pregnancy disorders and levels of clinical cardiovascular risk in adulthood 13 quantified as a global lifetime risk score (QRISK 14 ) and according to clinical guidelines for diagnosis of hypertension, obesity and metabolic disorders. Detailed maternity and childhood records allowed differentiation of risk profiles based on characteristics of the pregnancy hypertensive episode, such as the occurrence of preterm birth or proteinuria. In addition, we considered consistency of risk profile patterns at earlier points in life and determined the impact of other perinatal and later life factors on associations.
METHODS

Study population
The Western Australian Pregnancy Cohort (Raine) Study consists of 2900 women enrolled between May 1989 and November 1991, in a controlled trial of ultrasound frequency and pregnancy outcome at, or before, the 18th week of gestation from a tertiary level obstetric hospital in Perth, Western Australia. 15 Of 2868 children born to 2804 mothers have been followed for assessment of growth, development, metabolic and cardiovascular health to 20 years of age 16 (figure 1). Measurement approaches at each stage have been reported previously and relevant information is included in the online supplementary methods. 13 16-18 In addition to the recorded absolute levels of cardiovascular risk factors, we characterised individuals based on current clinical guidelines for hypertension 19 overweight and obesity 20 and according to a calculated global lifetime risk score.
14 Criteria are detailed in the online supplementary methods.
Exclusion criteria and missing data Participants were excluded from this analysis if classed as having congenital malformation at birth, if their mother had pre-pregnancy HTN or if maternal HTN status during pregnancy was not documented. Where data was not available at any follow-up point the individual was excluded for that analysis only. Numbers of offspring followed up at each age, and numbers included in this analysis are summarised in online supplementary table S1.
Pregnancy HTN and risk at age 20 years
To study clinical risk at age 20 years in offspring of mothers with pregnancy HTN, we divided them into those born to mothers who developed de novo onset Figure 1 Flow diagram to demonstrate recruitment and follow-up of participants from birth to age 20 (blue boxes) with measurements performed (red boxes). Comparisons were performed between groups stratified by maternal pregnancy hypertension history. Initially, all those whose mother developed hypertension were compared to those with normotensive mothers (A) and then pregnancy hypertension severity investigated (B). Finally, impacts of other pregnancy-related factors linked to cardiovascular risk, in particular preterm birth (C).
HTN (>140/90 mm Hg) after the 20th week of pregnancy, consistent with ISSHP definitions for hypertensive pregnancy, 21 and individuals born to a mother who remained normotensive (NT) based on data collected at time of pregnancy. We then performed a case-control comparison of differences in risk factor levels at age 20 years, as well as incidence of HTN and overweight or obesity.
Maternal HTN severity
We then studied whether severity of the pregnancy condition was relevant to risk profile. We divided the HTN group into two: pregnancy-induced hypertension (PIH) and complicated pregnancy hypertension (CompHTN). PIH encompassed all individuals born at term to a mother who developed HTN without proteinuria. CompHTN included all those whose mother had developed proteinuria (>2+ on dipstix or 300 mg on 24 h urinary protein excretion; thus categorised as preeclampsia 21 ), or HTN sufficient to result in preterm delivery at less than 37 weeks gestation. Risk factors were compared between NT individuals and PIH, as well as with CompHTN. To determine the independent effect of preterm delivery we additionally compared associations within the separate groups ( pre-eclampsia and HTN leading to preterm delivery) as well as between preterm and term NT pregnancies. No effects were evident so results are presented for the combined groups.
Risk factors at other timepoints in life
To determine whether differences in risk profile were consistent at other timepoints we compared absolute levels of blood pressure and body mass index (BMI) at each measurement timepoint between age 1 and 20 years. Groups were defined by maternal pregnancy HTN status.
Associations between perinatal and later life risk factors and risk in adulthood Regression analyses were undertaken to study whether associations between cardiovascular risk and pregnancy HTN were independent of other potentially related factors. We studied associations between pregnancy categories and categorical clinical outcomes (HTN and obesity) based on forced entry logistic regression models. Model 1 was built on birth factors of potential relevance, specifically: sex, birth weight, gestational age, mode of delivery, maternal age, maternal BMI and maternal smoking during late pregnancy. Model 2 additionally added risk factors at age 20 specifically: smoking status, serum insulin levels, and cholesterol levels. For regression models of HTN, participant BMI was also added into model 2. Model 3 further incorporated a measure of socioeconomic status in adulthood (offspring average monthly income), average weekly alcohol consumption and contraceptive pill usage. ORs and associated 95% CIs with p values are reported for each pregnancy category of interest.
Statistical analysis
All statistical analyses were carried out using SPSS V.22. Normality testing was undertaken by visual assessment of normality curves and the Shapiro-Wilk test prior to analysis. Triglycerides, insulin and glucose were log transformed. Comparison between groups for continuous variables was performed with a two-sided, independentsamples Student t test for normally distributed data. Measurements across multiple timepoints were compared using a repeat measurement analysis of variance, while single time point measures were compared with a two-sided, independent-samples Student t test with adjustment for birth-weight z score and participant sex. Categorical variables and categories of clinical risk were compared with a χ 2 test and, where informative ORs (and associated 95% CIs) were calculated by binary logistic regression for the odds of clinical outcome. p Values less than 0.05 were considered significant. Absolute values in each group are presented as the mean±SD. Mean differences between groups are presented as the mean±SEM.
RESULTS
Population and perinatal characteristics
From the 2868 individuals recruited at birth, 1473 were followed up at age 20 years and 1151 met eligibility criteria, of which 899 had NT mothers during pregnancy and 252 had a mother with a hypertensive pregnancy disorder (figure 1). Incidence of maternal pregnancy HTN in this follow-up cohort did not differ from the original cohort (see online supplementary table S2). However, rate of maternal smoking in pregnancy was slightly lower and the offspring had slightly higher birth weight with longer gestation, consistent with previous reports in this cohort related to less children from socially disadvantaged families remaining in the study beyond the third year. 17 Pregnancy HTN and risk at age 20 years Mean differences in cardiovascular risk factors are presented in table 1 and figure 2 with OR for diagnoses presented in figure 2. Those born following hypertensive pregnancy had on average a 3.7 mm Hg higher systolic blood pressure at age 20 years ( p<0.001) and a 1.4 mm Hg higher diastolic blood pressure ( p<0.05). Thirty per cent of those with hypertensive blood pressure levels had a history of maternal pregnancy HTN (22/74). BMI was 1.1 kg/m 2 higher, in the HTN group, which resulted in 42% being overweight or obese and a 1.8-fold increased risk of a BMI >35 kg/m 2 ( p<0.001). Apart from a 0.05 mmol/L lower high-density lipoprotein (HDL; p=0.04), those born to HTN had no consistent differences in metabolic parameters at age 20 years (table 1) . Changes in blood pressure and body size meant those born to HTN had a higher lifetime QRISK score at age 20 years (27.8±6.2 vs 26.5±5.8, p=0.005) with a 2.5 fold increased chance of being above the 75% centile for lifetime risk (95% CI 1.32-4.56 p=0.004).
Severity of maternal HTN
Absolute increase in lifetime QRISK score and risk of exceeding the 75% centile was similar in each hypertensive pregnancy group (CompHTN 10.8% vs PIH 7.9% p=0.55). However, risk patterns differed between groups so that those whose mothers had complicated HTN had a 5.3±1.9 mm Hg ( p=0.007) higher systolic blood pressure compared to a 3.4±1 mm Hg ( p=0.001) increase in those born following PIH (table 1 and figure 2 ). This difference resulted in individuals born to CompHTN being three times more likely to have hypertensive blood pressures ( p=0.01), with no significant increase in those born following PIH (OR 1.29 (0.71-2.36) p=0.40). However, individuals born following PIH had more apparent changes in body size, with a 1.2±0.4 kg/m 2 ( p=0.002) increase in BMI and a twofold increased risk of overweight or obesity ( p<0.001) compared to those born to NT mothers. There were no significant effects on adiposity in those born following CompHTN (0.6±0.90 kg/m 2 , p=0.40). No differences in metabolic parameters were seen in either group.
Associations at other timepoints in life
At each measurement timepoint, from 1 year to young adult life, offspring of hypertensive pregnancy had higher blood pressure and BMI ( p<0.05) but no differences in insulin, glucose or lipids when measured (see online supplementary table S3). Differences in systolic BP and BMI between hypertensive and NT groups were evident as early as 1 and 3 years respectively (figure 3) with the absolute difference in blood pressure remaining 2-3 mm Hg during childhood then increasing at age 17 and 20 years. Differences in body size were present from 3 years with an increase in difference with age.
Associations between risk factors
Those with a maternal HTN history had significant differences in several perinatal characteristics including higher incidence of special care unit admission and longer perinatal hospital stay. Differences were more pronounced in the CompHTN group (see online supplementary table S4). However, similar changes in risk factors were present in those born at term after preeclampsia and those born preterm due to maternal HTN (see online supplementary table S5). Furthermore, in this cohort, if the mother was NT, preterm birth was not associated with differences in risk factor levels at age 20 years compared to term born individuals. A lack of association with gestational age was also evident on bivariate analysis between perinatal factors and risk in adulthood (OR for risk of HTN/gestational week=1.0, p=0.95). Table 2 reports regression coefficients for associations between pregnancy hypertensive groups, blood pressure and body size. The association between maternal pregnancy HTN characteristics and offspring risk of HTN was not weakened by inclusion of maternal and perinatal factors in the model (model 1). Maternal pre-pregnancy body size was associated with increased blood pressure in young adulthood and mode of delivery and birth weight z-score related to BMI at age 20 years but, again, Figure 2 Mean difference (unadjusted values with 95% CIs) at age 20 for blood pressure, body mass index and lifetime QRisk score as well as ORs for clinically relevant elevation in these risk markers (lifetime QRisk >75%, blood pressure greater than 140/90 mm Hg or BMI >25 kg/m 2 ) in offspring of hypertensive mothers, as well as subjects grouped by severity of maternal hypertension into pregnancy-induced hypertension (PIH) and complicated hypertension ( pre-eclampsia or hypertension leading to preterm birth). inclusion of these factors did not alter associations between hypertensive pregnancy groups and risk of HTN, overweight or obesity. Associations did not significantly vary in models 2 and 3, which incorporated later life risk factors. As no differences in glucose and lipid values were evident models were not developed for these risk characteristics.
DISCUSSION
This study has characterised, for the first time, clinically relevant levels of cardiovascular risk in young adults born to hypertensive pregnancies. They are 2.5 times more likely to have a lifetime QRISK score above the 75th centile, which represents a 40% or greater chance of developing cardiovascular disease.
14 Their systolic blood pressure was 3.7 mm Hg higher and 30% of young adults with hypertensive blood pressures had been born following a pregnancy complicated by HTN. There was a graded association with severity of maternal pregnancy HTN so that more complicated pregnancy HTN associated with a threefold increased risk of HTN in the offspring by age 20 years. This variation was not explained by associated pregnancy complications such as prematurity. The increase in BMI associated with pregnancy HTN was more modest, at 1.1 kg/m 2 , and was most apparent in those whose mother developed HTN late in pregnancy without features of pre-eclampsia.
Interestingly, no consistent changes in lipids or glucose tolerance were evident. We have previously published a systematic review investigating cardiovascular risk factors in children and young adults born to preeclamptic pregnancies, whereby we identified that young offspring of pregnancies complicated by pre-eclampsia already have increased blood pressure and BMI. 2 This systematic review also identified acute metabolic changes at birth, with a paucity of reports in older offspring. Reports have now emerged that metabolic differences are not evident during childhood, 4 22 which accord with our current findings in adulthood. Nevertheless, offspring of hypertensive pregnancies still had a greater incidence of obesity and lower serum HDL-cholesterol levels. Increased BMI can develop without metabolic derangements; a phenotype still associated with significant cardiac and vascular changes. 23 However, the discrepancy between absolute levels of metabolic factors and risk of obesity may relate to the high mean BMI in NH pregnancy offspring. As a result, the small absolute increase in BMI in the hypertensive pregnancy offspring was sufficient for a significant proportion to move above the overweight threshold without large changes in continuous metabolic risk markers. The impact of hypertensive pregnancy, independent of other birth-related factors, on blood pressure appears robust, clinically relevant and independent of body size differences. The 1.1 kg/m 2 greater BMI would only account for a 0.77 mm Hg increase in systolic blood pressure 24 compared to the mean difference of 4 mm Hg we observed.
Other studies have also reported that individuals born following hypertensive pregnancy continue to have a higher average blood pressure in adult life, independent of other birth-related factors.
11 However, we have been able to identify that the difference in blood pressure is greater in those born following more severe pregnancy HTN. The group was defined directly from records of clinical measures, which provides significant strengths for analysis over studies that have relied on patient recall or historical diagnostic criteria. 3 The observations are consistent with there being a graded association between severity of pregnancy HTN and offspring blood pressure. The more extreme complication of early onset preeclampsia, before 34 weeks gestation, has been associated with a 10 mm Hg higher blood pressure in the mother up to 10 years after pregnancy. 3 25 This condition was rare in the Raine cohort, 21 but even in those offspring of later onset pre-eclampsia or whose mother had HTN sufficient to lead to later preterm delivery, one in five had developed hypertensive blood pressures by the age of 20 years. This compares to the more typical 1 in 17 of young adults born to NT pregnancy. Perinatal complications were higher in the complicated HTN group and offspring blood pressure is known to increase with prematurity. 5 However, 30% of preterm births are linked with maternal HTN, 27 28 and this could lead to collider stratification bias, whereby associations with later outcome are driven by causes of preterm birth rather than prematurity per se. 29 Although very preterm birth is associated with both higher blood pressure and metabolic derangements, 4 5 7 30-32 those born very preterm following maternal HTN still have distinct vascular responses compared to those born to NT mothers. 4 Unique biological pathways independent of gestation may therefore link pregnancy HTN with offspring blood pressure. This would explain why in the Raine cohort, in which 80% of preterm births were in later gestation, 28 hypertensive pregnancy was the main predictor of later offspring blood pressure.
Shared genetics may explain why both mother and offspring exhibit increased cardiovascular risk after a hypertensive pregnancy. As heritability of pre-eclampsia is also 55%, 33 it is possible genetic variants in vascular developmental pathways could underlie both pregnancy complications and result in accelerated HTN development in the offspring. We have recently demonstrated that individuals born preterm and to hypertensive pregnancies demonstrate an enhanced circulating antiangiogenic blood profile, similar to that observed in women with pregnancy HTN, which is related to reductions in capillary density and elevations in blood pressure 7 Therefore, inheritance of genetic variation that alters the angiogenic biological response of an individual could contribute to increases in risk for the offspring. Alternatively, as siblings of those born to pregnancies complicated by pre-eclampsia, who themselves were born to uncomplicated pregnancies, do not demonstrate vascular abnormalities, 34 these differences may be programmed by adverse exposures during perinatal life. The greatest active programming of the epigenome occurs in the fetus 35 and placental DNA is more hypomethylated following early, compared to late, onset pre-eclampsia. 36 This observation would be consistent with the greater risk of HTN in the group with more complicated hypertensive pregnancies.
Data on all individuals originally recruited were not available at 20 years of age, or at earlier follow-up. However, risk factor differences at age 20 years were replicated in the independent measurements in earlier life. Moreover analysis suggested that loss to follow-up resulted in differences in only a few of the key perinatal characteristics considered in this study. The research clinic measures of blood pressure may generate different effect sizes compared to ambulatory, home or medical clinic measures. 37 However, their use ensured risk was characterised for all participants, whereas clinical records tend to under diagnose HTN in young adults who have lower engagement with medical services. 38 39 The mothers who had hypertensive pregnancies are, themselves, four times more likely to have presented with HTN during the follow-up period. 40 We did not have data on parental HTN or blood pressure available at the 20 year follow-up, but risk of HTN in young adults relates to a parental history of HTN. 41 Whether this is stronger in those whose mother had severe HTN during pregnancy requires investigation as the impact of maternal hypertensive pregnancy on offspring risk could be mediated through either a unique familial predisposition or the in utero environment. These data are based on a population recruited from the sole tertiary obstetric centre in Western Australia, and thus it is not clear whether these data will be generalisable to other populations. Nevertheless, the inclusive nature of the Raine recruitment strategy suggests we can cautiously propose that these findings may be relevant to the offspring of pre-eclamptic pregnancies in other settings. Seventy per cent of young adults with HTN had no history of maternal HTN in pregnancy and, for this group, classical risk factors such as body size, insulin levels and sex, remain the best way of identifying those with an increased risk of HTN.
In summary, we found 30% of young adults with hypertensive blood pressures were born to pregnancies complicated by HTN. Those born to mothers with markers of more severe pregnancy HTN were up to three times more likely to have hypertensive level blood pressures compared to those whose mothers had NH pregnancies. Neither variation in body size proportional to gestational age, or degree of prematurity, accounted for the differences in risk factors we observed related to pregnancy HTN. Differences in body size were evident, although this was predominantly in those born at term following less severe pregnancy HTN. Clinically relevant variations in other metabolic risk markers were not present. This specific, elevated blood pressure profile, particularly in offspring of more complicated pregnancies, may represent a unique underlying biological predisposition to HTN. From a public health perspective, a specific, targetable variation in risk, from childhood onwards, in easily-identifiable individuals, raises the possibility of tailored intervention approaches to prevent adult HTN.
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